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Abstract
Effects of fire and post-fire mulching for soil protection on N transformations were evaluated in the
laboratory 4, 8 and 12 months after a wildfire in the 0-2 cm layer of a burned soil without (BS) or with straw
mulch (BSM) and an unburned soil (US). The relationships between the gross N rates calculated with the
FLUAZ model (Mary et al. 1998) and 19 soil characteristics were also explored. The gross N mineralization
(m) and NH4+ immobilization rates (ia) were similar and significantly correlated (p< 0.001), and decreased
during the incubation. Both m and ia were higher in burned than in unburned soils and, despite a reduction
with time, differences were still three-fold at t= 12 months. Treatment explained half the variation of gross
nitrification (kn), which was always low in US and nil in burned soils. Nitrate immobilization (in) was the
only gross rate that was: a) higher in unburned than in burned soils; b) higher after 12 months than in
previous samplings; and c) negatively affected by mulching. Both m and ia were positively correlated with
soil pH, initial inorganic-N pools and extractable-Mn (p< 0.05 to p< 0.001) and negatively correlated with
soil water holding capacity and contents of total-C, total-N, extractable-Cu and extractable-Zn (p< 0.05 to
p< 0.001). Both kn and in were negatively correlated with soil characteristics. Despite the strong correlations
of pH and total-C and N with the gross N transformations, the former variables were never included in the
best multiple linear models for the latter. Besides the initial NH4+-N or NO3--N contents, all but one best
multiple regressions for m and ia included one or two available nutrients, in particular Cu, K, P and Mn.
Multiple regressions of kn were only found for US and they included two nutrients (Ca and K, or K, Zn and
electrical conductivity). Considering all samples and incubation intervals together, two-thirds of variance
was explained by a model with the initial NO3--N , the available-Cu and P content. Mulching of burned soil
gave a short-lived stimulation of m and ia and a sustained reduction of in.
Keywords: burned Area Emergency Response; gross N fluxes; gross mineralization; gross nitrification;
gross NH4+-N immobilization; gross NO3--N immobilization; mulching; post-fire
rehabilitation.
Introduction
Fires, either natural or anthropic, can strongly
impact the biogeochemical cycles of nutrients; their
effects are especially important for N which, besides
being the major growth-limiting element since the
evolution of higher plants (Ericsson 1995), is also
the nutrient most prone to particulated and gaseous
losses during the fires (Certini 2005; Fisher and
Binkley 2000). Moreover, fires modify the dynamics
of the soil N: a) by decreasing the most labile pools
and increasing the most recalcitrant ones (Castro et
al. 2006; Prieto-Fernández et al. 1993, 2004), partly
by immobilizing  heterocyclic-N into neo-formed
stable polyaromatic compounds that persist in soils
(Francioso et al. 2011; Knicker 2007; Mastrolonardo
et al. 2014); and b) by affecting the N
transformations that, as microbially mediated
processes, are modified through changes in
enzymatic activities and in biomass and
composition of soil microbiota (Barreiro et al. 2010;
Díaz-Raviña et al. 2012).
The effects of fire on soil net N transformation
rates have been widely studied (Certini 2005;
Prieto-Fernández et al. 1993, 2004). However, as
results from simultaneous counteracting processes,
net rates do not reflect the true magnitude of N
cycling between organic and inorganic pools,
making necessary the study of gross N
transformations for an in-depth knowledge of the N
cycle in burned soils (Koyama et al. 2010), that is
needed (Wang et al. 2014). Unfortunately, the
available information about the impacts of fires on
soil gross N transformations is scarce and mostly
based on analytical methods (Gómez-Rey and
González-Prieto 2013; Wang et al. 2014), neglecting
the important advantages of numerical procedures
for calculating the gross N rates (Murphy et al.
2003).
Several biotic and abiotic factors are related with
soil gross N transformations (Booth et al. 2005;
Cookson et al. 2007; Gómez-Rey et al. 2012; Lang et
al. 2010) and many of them are affected by fires
(Certini 2005). Consequently, Wang et al. (2014)
highlighted the need for more comprehensive
studies with soil and ecological characterization to
improve the knowledge about the effect of fires on
soil gross N transformations and N cycling. 
When the post-fire risks of runoff and erosion are
important, the burned area emergency response
(BAER) protocol must evaluate the implementation
of emergency post-fire stabilization treatments for
reducing environmental damages (Robichaud 2009;
Robichaud et al. 2010). One of the most useful BAER
techniques is mulching, usually with straw, that
greatly reduces soil losses (Bautista et al. 2009;
Díaz-Raviña et al. 2012; Fernandez et al. 2011; Groen
and Woods 2008; Vega et al. 2014), but the available
information on their effects on burned soil quality
and fertility is still scarce (Díaz-Raviña et al. 2012;
Fontúrbel et al. 2012; Gómez-Rey et al. 2013;
Gómez-Rey and González-Prieto 2014). Although it
is well know that mulching modifies the
environmental conditions and the organic matter
dynamics in soils, including gross N
transformations (Cheng et al. 2012; Huang et al.
2008), there are no studies dealing with the effects of
postfire mulching treatments on N dynamics.
The main objectives of present study were
therefore to evaluate during the first year following
a wildfire: a) the effects of the wildfire and of
post-fire mulching application technique on net and
gross N transformation rates in the topsoil; and b)
the relationships between the gross N rates and the
main soil characteristics.
Material and methods
Site description 
The experimental site was located close to the
Montes do Invernadeiro Natural Park (UTM 29 T
PG34168-71422, 1566 m asl) in Galicia (NW Spain).
The climate of the area is temperate (mean annual
temperature: 6-8 ºC) and rainy (1600-1800 mm y-1);
however, because of the high altitude of the site, the
soil (in particular the bare areas) is subjected to
freezing and thawing cycles of variable length and
intensity during the winter. During the study period
(September 2010- September 2011) the overall
rainfall in the area was 1536 and 1295 mm at the
meteorogical stations of Cabeza de Manzaneda
(1758 m asl; 10 km NNE) and O Invernadeiro (1026
m asl; 8 km SW), respectively (Meteogalicia 2014). 
In the first four days of September 2010, the area
was affected by a moderate to highly severe wildfire
(1700 ha), as identified by taking the following into
account: a) complete consumption of the shrubs’
stems and scorching of pine seedlings’ trunks; b)
almost complete consumption of the continuous
litter layer (4-8 cm thick); c) high percentage of bare
soil (42 %); d) 0-1 cm layer of white and black ash
and charred plant debris that covered 58 % of soil;
and e) 25 % reduction in the organic matter content
(C and N) in the 0-2 cm soil layer (for further
details, see Gómez-Rey and González-Prieto 2013).
A hillslope site was selected for carrying out the
study and took advantage of  the availability of an
unburned control soil and a soil affected by a fire of
medium-high severity within a distance of 50 m of
each other. The entire study area (120 x 90 m) was
very homogeneous in terms of: a) orientation
(245-250º WSW); b) slope (26-30 %); c) soil type, an
Umbric Leptosol (IUSS Working Group 2014)
developed over metamorphic rocks (phyllites); and
d) vegetation cover, dominated by a 7-year-old
Pinus sylvestris L. plantation (1.0–1.6 m height) and
by Erica spp., Vaccinium myrtillus L., Pterospartum
tridentatum Willk. and Cistus spp. shrubs with
0.9-1.3 m height and 100 % ground cover. Nine
experimental plots (4 x 20 m with 3 m separation)
were established between pine planting rows with
the longest dimension parallel to the maximum
slope. Six plots were arranged in the burned area
and the other three in that unburned (US). In the
burned area, two soil treatments were arranged in
a fully randomized design: a) burned soil (BS) and
b), burned soil to which 250 g m-2 of straw mulch
was manually applied the 22th of September 2010
(BSM). Three replicates per treatment were carried
out.
Soil sampling and characterisation
The 0-2 cm depth layer of the A horizon was
sampled 4, 8 and 12 months after the wildfire. In
each plot and at each sampling date, ten uniformly
distributed sampling squares (15 x 15 cm) were
selected, the plant litter (unburned plots, US) or the
ash layer (burned plots: BS and BSM) was removed
and the topsoil was sampled. These ten subsamples
were combined to yield one composite sample per
plot and sampling date. The field-moist soil was
sieved (< 2 mm), homogenized and stored at 4 /C
for soil incubation purposes. Sub-samples were
air-dried for chemical analysis.
The main characteristics of the unburned and the
burned soil were, respectively, the following: sand
18% and 28%, silt 61% and 55%, clay 21% and 17%,
pH 3.67 and 4.15, organic C 218 g kg-1 and 154 g kg-1
(Díaz-Raviña et al. 2012; Gómez-Rey and
González-Prieto 2014) and total N 12.6 and 8.7 g
kg-1. 
Total N and 15N were measured on finely
ground soil samples (< 100 m) with an elemental
analyser (Carlo Erba CNS 1508) coupled on-line
with an isotopic ratio mass spectrometer (Finnigan
Mat, delta C, Bremen, Germany). 
Soil incubation and gross N transformation rates
Gross N transformation rates were determined
by the 15N isotope dilution technique, using a paired
labelling experiment. After wetting up of soil as
described in Gómez-Rey and González-Prieto
(2013), 24 subsamples of each composite soil sample
(fresh soil equivalent to 20 g dw) were placed in
250-mL flasks, totalling 216 flasks: 3 treatments (US,
BS, BSM) x 3 experimental plots x 2 labels (15NH4
NO3 and NH415NO3) x 3 replicates x 4 extraction
times. Half of the flasks were each labelled with 1
mL of 15NH4 NO3 by flask and the other set with 1
mL of NH415NO3, equivalent to a N addition of 500:g kg-1 dw with 49 atom % excess of 15N. The 15N
-labelled solution was added uniformly over the soil
surface with an automatic pipette; the solution
readily disappeared (< 5 s) from soil surface. Then,
to facilitate the distribution of label in the soil and
for adjusting soil moisture to 70 % of water holding
capacity, 1 mL of deionized water was added with
an automatic pipette. The flasks were covered with
polyethylene film and incubated in the dark at 24
ºC. Four extraction times were selected within a 7
days period: 0.5 h and 1, 3 and 7 days. Each
incubated soil sample was shaken for 1 h with 100
mL 2 M KCl and filtered through glass microfibre
filters (Whatman GF/A, 125 diameter). After
repeated washes with deionized water to remove
the KCl and inorganic N, the soil retained in the
filter was oven dried (105 ºC), finely ground (< 100
m) and total N and 15N measured as previously
explained. The inorganic N content was analyzed
by a modified diffusion method (Gómez-Rey and
González-Prieto 2013). Briefly, NH4+-N and NO2-- +
NO3--N were sequentially liberated as NH3 which
was trapped into H2SO4 and titrated. The (NH4)2SO4
solutions were evaporated to dryness and the
(NH4)2SO4 crystals were finally packed into tin
capsules and analyzed for 15N as previously
reported.
Calculation and statistical analysis
Mean values (N amount and 15N enrichment) of
the three subsamples destructively sampled at t= 0,
1, 3 and 7 days were used to calculate the gross N
rates [mineralization (m), nitrification (kn),
immobilization of ammonium (ia) and
immobilization of nitrate (in)] using the classical
analytical method of Kirkham and Bartholomew
(1954) and the numerical model FLUAZ, version 8
(Mary et al. 1998). For the FLUAZ model, the m and
i rates were considered constant during each
interval period (zero order kinetics), while kn was
assumed to follow a first-order kinetic (Mary et al.
1998). The fit of the experimental data was
calculated by minimizing the MWE (mean weighted
error) criterion and, following Mary et al. (1998)
indications, we verified that all partial derivatives
MMWE/MP were positive and that the correlation
matrix between the fitted rate parameters did not
have values close to 1. 
In addition to gross N rates for intervals between
consecutive sampling dates, the time weighted
mean gross N rates for the whole incubation (0.5 h
to 7 days) were also calculated. Net N
mineralization (net m) and nitrification (net n) rates
for the whole incubation were calculated by
difference between the time weighted mean of gross
N fluxes derived from FLUAZ: net m0-7 d= m0-7 d – ia0-7
d; net n0-7 d= kn0-7 d – in0-7 d.
After verifying the fulfilment of the assumption
of normal distribution (Shapiro-Wilk’s W test) and
equality of variances among groups (Levene’s test),
data on gross N fluxes were analysed by three-way
ANOVA, with treatment, incubation interval and
sampling date as factors, while data on mean gross
and net N rates were analysed by two-way
ANOVA, with treatment and sampling date as
factors. When necessary, the original data were
subjected to the Tukey’s ladder of power, or to
Box-Cox transformations to obtain equality of
variances. The Bonferroni’s test was used to detect
any significant differences between the group
means, at p<0.05.
Correlation and simple and stepwise multiple
linear regression analyses were performed to study
the relationships of gross N transformations with
the main soil properties: pHH2O, pHKCl,
NH4Ac-DTPA extractable Al, Ca, Co, Cu, Fe, K, Mg,
Mn, Na, P and Zn (data from Gómez-Rey et al.
2014) and organic C, total N, C/N ratio, NH4+-N,
NO3--N and 15N. After checking the fulfilment of
the assumptions of linear regressions (linearity,
independence, homocedasticity, normality and no
multicollinearity), the best models were selected
using the least number of variables, maximizing the
adjusted R2 and minimizing the standard error of
the estimated residues. 
All statistical analyses were done with the SPSS
15.0 statistical package.
Results
N pools and atom % 15N excess
In all cases the NH4+-N content at the beginning
of the incubation was much higher in the burned
than in the unburned soil (20-45 times; Fig. 1a),
although the differences decreased with the time
after the fire. In BS and BSM samples collected one
year after the fire the concentration of NH4+-N
increased during the incubation, but in the other
soil samples it remained relatively stable.
Irrespective of soil treatment, the % 15N excess of the
NH4+-N pool decreased sustainedly throughout the
incubation. During the first day of incubation the
dilution of the 15N excess in the small NH4+-N pool
of the unburned soil was faster than in the big pool
of burned soils (Fig. 1b). Like for the NH4+-N, the
initial NO3--N content was higher in the burned
soils, but differences with the unburned soil were
smaller (up to four-fold; Fig. 1c). In all cases, the
concentrations of NO3--N varied only slightly and
without a clear trend during the incubation, while
the % 15N excess of this N pool remained relatively
stable in the burned soils but it decreased
sustainedly in the unburned soil (Fig. 1d).
Contrarily to the NH4+-N pool,  the % 15N excess of
the organic-N rose continuously during the
incubation (Fig. 1e). The recovery of the added 15N
was 100 ± 3 % (Fig. 1f). 
N transformation rates
For all plots and time intervals (n= 105), a strong
correlation (r= 0.985, p< 0.001) was found between
the gross N mineralization rate (m) obtained with
the equation of Kirkham and Bartholomew (1954)
and with the FLUAZ model (Mary et al. 1998); the
correlation was even stronger (r= 0.992, p< 0.001)
when results from t= 0 months (Gómez-Rey and
González-Prieto 2013) were included in the dataset
(n= 137). The three-way ANOVA revealed strong
significant effects of treatment, incubation interval
and sampling date on m rates (87 %, 63 % and 50 %
of variance explained, respectively; Table 1).
Considering all samples together, m rates decreased
sustainedly during the incubation and were higher
in burned (BS and BSM) than in unburned soil, and
in samples collected 4 months after the fire than
after 8 or 12 months. However, all two- and
three-order interactions between the considered
factors were also highly significant (Table 1),
revealing that the detailed pattern was much more
complex (Fig. 2): a) the strong significant decrease of
m values in US during the incubation contrasted
with the lack of significant changes in BS and BSM,
m being consequently around 1.5, 2.5 and 21 times
lower in US than in BS for the first, second and third
interval, respectively; b) differences of BS and BSM
with US samples decreased with the time after the
fire; c) the highest m rate in US was found at t= 8
months (spring), while in BS and BSM it was
recorded at t= 4 months; and d) in spring samples
differences among treatments were much lower
except for the third incubation interval. To a lesser
extend, this latter behaviour was shared by data
from the first incubation interval of samples
collected at t= 12 months. The effect of the
emergency stabilization treatment on gross m was
time dependent, varying from BSM > BS at t= 4
months to BSM < BS at t= 8 months and no
differences one year after the fire and the whole
studied period.
Figure 1. Data on main N pools during the incubation of unburned (US), burned (BS) and burned + mulching
(BSM) soils sampled 4, 8 and 12 months after fire: a)  Soil content of NH4+-N (mg kg-1); b) atom % 15N
excess of NH4+-N pool; c) soil content of NO3--N (mg kg-1);  d) atom % 15N excess of NO3--N pool; and
e) atom % 15N excess of organic-N pool. Figures were made with mean values (n=3) from 15NH4NO3
experiment [(a), (b)], NH415NO3 experiment [(c), (d)] and both experiments [(e)]. For each time interval,
different letters indicate significant differences among treatments (p = 0.05 level).
Table 1. Mean values  ±  standard deviation (n=3) of the transformations (mg N kg-1 d-1) of gross N
mineralization (m), nitrification (kn), ammonium immobilization (ia) and nitrate immobilization (in)
obtained with the FLUAZ model and results of the three-way ANOVA with treatment (US, unburned
soil; BS, burned soil; BSM, burned soil with mulching), incubation interval and sampling date after the
fire as factors.
m kn ia in
Treatment
US 1.82 ± 1.67 b 0.10 ± 0.14 a 1.65 ± 1.69 b 0.29 ± 0.32 a
BS 4.82 ± 1.31 a 0.00 ± 0.00 b 4.51 ± 2.02 a 0.07 ± 0.06 b
BSM 4.79 ± 2.35 a 0.00 ± 0.00 b 4.39 ± 2.42 a 0.04 ± 0.07 c
Incubation interval
0-1 d 4.58 ± 2.49 a 0.01 ± 0.05 b 4.88 ± 2.53 a 0.21 ± 0.27 a
1-3 d 3.97 ± 2.04 b 0.07 ± 0.14 a 3.53 ± 2.32 b 0.15 ± 0.25 b
3-7 d 3.12 ± 2.13 c 0.02 ± 0.04 ab 2.36 ± 1.75 c 0.04 ± 0.04 c
Date
4 months 5.07 ± 3.09 a 0.02 ± 0.05 a 5.05 ± 3.29 a 0.09 ± 0.12 b
8 months 3.37 ± 1.33 b 0.03 ± 0.09 a 3.17 ± 1.38 b 0.09 ± 0.09 b
12 months 3.22 ± 1.58 b 0.04 ± 0.13 a 2.58 ± 1.39 c 0.21 ± 0.33 a
Treatment x Incubation interval
US x 0-1 d 3.37 ± 1.01 a,B 0.04 ± 0.09 b,A 3.45 ± 0.98 a,B 0.47 ± 0.34 a,A
US x 1-3 d 1.87 ± 1.54 b,B 0.21 ± 0.20 a,A 1.44 ± 1.37 b,B 0.37 ± 0.35 a,A
US x 3-7 d 0.21 ± 0.17 c,B 0.05 ± 0.06 b,A 0.09 ± 0.10 c,B 0.05 ± 0.05 b,A
BS x 0-1 d 5.36 ± 2.00 a,A 0.00 ± 0.00 a,A 6.13 ± 2.23 a,A 0.11 ± 0.08 a,B
BS x 1-3 d 4.67 ± 0.99 a,A 0.00 ± 0.00 a,B 4.08 ± 1.74 b,A 0.06 ± 0.05 a,B
BS x 3-7 d 4.43 ± 0.34 a,A 0.00 ± 0.01 a,B 3.33 ± 0.71 b,A 0.05 ± 0.04 a,A
BSM x 0-1 d 4.85 ± 3.51 a,AB 0.00 ± 0.00 a,A 4.91 ± 3.22 a,AB 0.08 ± 0.11 a,B
BSM x 1-3 d 5.13 ± 1.87 a,A 0.00 ± 0.00 a,B 4.85 ± 2.34 a,A 0.02 ± 0.02 a,C
BSM x 3-7 d 4.39 ± 1.35 a,A 0.00 ± 0.00 a,B 3.41 ± 1.26 b,A 0.03 ± 0.03 a,A
Treatment x Date
US x 4 months 1.36 ± 1.81 b,C 0.07 ± 0.08 a,A 1.33 ± 2.03 ab,B 0.20 ± 0.16 b,A
US x 8 months 2.69 ± 1.71 a,B 0.09 ± 0.13 a,A 2.33 ± 1.55 a,C 0.10 ± 0.08 b,AB
US x 12 months 1.55 ± 1.42 b,B 0.14 ± 0.21 a,A 1.42 ± 1.49 b,B 0.55 ± 0.41 a,A
BS x 4 months 5.84 ± 1.56 a,B 0.00 ± 0.00 a,B 6.13 ± 2.37 a,A 0.04 ± 0.03 a,B
BS x 8 months 4.40 ± 0.64 b,A 0.00 ± 0.01 a,A 4.18 ± 1.18 b,A 0.11 ± 0.08 a,A
BS x 12 months 4.23 ± 1.01 b,A 0.00 ± 0.00 a,B 3.23 ± 1.15 b,A 0.06 ± 0.04 a,B
BSM x 4 months 7.61 ± 1.70 a,A 0.00 ± 0.00 a,B 7.26 ± 2.01 a,A 0.03 ± 0.02 a,B
BSM x 8 months 2.87 ± 0.91 c,B 0.00 ± 0.01 a,A 2.82 ± 0.77 b,B 0.07 ± 0.12 a,B
BSM x 12 months 3.90 ± 0.52 b,A 0.00 ± 0.00 a,B 3.08 ± 0.68 b,A 0.03 ± 0.03 a,B0p2 Treatment 0.869*** 0.488*** 0.852*** 0.651***0p2 Incubation interval 0.632*** 0.180** 0.781*** 0.454***0p2 Date 0.501*** n.s. 0.631*** 0.164**0p2 Treatment x Incubation interval 0.692*** 0.174* 0.598*** 0.418***0p2 Treatment x Date 0.663*** n.s. 0.602*** 0.455***0p2 Incubation interval x Date 0.474*** n.s. 0.372*** n.s.0p2 Treatment x Incub. interval x Date 0.337** n.s. 0.357** 0.483***
For the Treatment, Incubation interval and Date factors, different lowercase letters in the same column indicate significant
differences (p < 0.05). For the two-way interactions: a) lowercase letters indicate significant differences between incubation
intervals or dates for the same treatment; and b) uppercase letters indicate significant differences among treatments for the
same incubation interval or date. p<0.05; ** p< 0.01; *** p< 0.001; n.s.  not significant.
Figure 2. FLUAZ estimated gross rates (mg N kg-1 soil d-1) of N mineralization (a) and NH4+-N immobilization
(b) for each incubation period in unburned (US), burned (BS) and burned + mulching (BSM) soil
sampled 4, 8 and 12 months after fire. Bars show ± 1 standard deviation. Different lowercase letters
show significant differences  among treatments for each incubation interval, while different uppercase
letters show significant differences among incubation intervals for each treatment (p = 0.05 level, n=3
in both cases).
Contrarily to m, no clear relationship was found
between the gross nitrification rate (kn) obtained
with the analytical and the numerical method, a
result which was partly (but not exclusively) due to
the high number of cases with nil gross nitrification
(Fig. 3). Half the variation of the FLUAZ modelled
kn was explained by the treatment, with low values
in US and nil values in BS and BSM (i.e., without
effects of the emergency stabilization treatment) and
differences between treatments being significant
except for the first incubation interval (Table 1).
Considering all plots and time intervals together
(n= 105), the gross NH4+ immobilization rate (ia)
numerically modeled with FLUAZ was strongly
correlated (r= 0.942, p< 0.001) with m calculated
with FLUAZ, but not with the ia rate derived from
the analytical equations of Kirkham and
Bartholomew (1954); moreover, gross ia have the
same order of magnitude than gross m. Like for m,
the three-way ANOVA revealed strong significant
effects of treatment, incubation interval and
sampling date on ia rates (85 %, 78 % and 63 % of
variance explained, respectively; Table 1). As also
found for m, when considering all data the ia rates
decreased sustainedly during the incubation and
were higher in burned (BS and BSM) than in
unburned soil, and in samples collected 4 months
after the fire than at the other two sampling dates
(Table 1). Nevertheless, the detailed pattern was
more complex, due to the strong two- and
three-order interactions between the considered
factors (Fig. 2), and it was similar to that for m with
which ia was strongly correlated, as previously
highlighted. As for gross m, the effect of the
emergency stabilization treatment on gross ia was
time dependent and showed similar changes, but
the only significant difference (BSM < BS) was found
at t= 8 months.
Figure 3. FLUAZ estimated gross rates (mg N kg-1 soil d-1) of nitrification (a) and NO3--N immobilization (b) for
each incubation period in unburned (US), burned (BS) and burned + mulching (BSM) soil sampled 4,
8 and 12 months after fire. Bars show ± 1 standard deviation. Different lowercase letters show significant
differences  among treatments for each incubation interval, while different uppercase letters show
significant differences among incubation intervals for each treatment (p = 0.05 level, n=3 in both cases).
For all plots and time intervals, a strong
correlation (r= 0.903, p< 0.001; n= 105) was found
between the gross NO3--N immobilization rates (in)
obtained with the FLUAZ model and the classical
equations of Kirkham and Bartholomew (1954).
Moreover, gross in and gross kn shared the same
order of magnitude and they were moderately to
strongly correlated (from r= 0.464 to r= 0.888,
depending on the incubation interval; p< 0.0005).
The factors under study have lower effects on in
than on ia, but they still explained 65 % (treatment),
45 % (incubation interval) and 16 % (sampling date)
of in variance (Table 1). Like m and ia, in decreased
significantly from the first to the third incubation
interval, but, unlike those rates, in was higher in US
than in BS and BSM (Table 1). Moreover, in was the
only gross N transformation with significantly
higher values in soils from the last sampling date
(late summer) than in samples collected at t= 4 or 8
months after the fire. The only departures from this
general pattern are a lack of differences among
treatments 8 months after the fire, as well as for the
third incubation interval in samples collected 4 and
12 months after the fire (Fig. 3). Although
differences were not always significant, the gross in
was depressed at all sampling dates by the
mulching treatment for the emergency stabilization
of the burned soil.
When the time weighted mean rates for the
whole incubation (0.5 h to 7 days) were calculated,
very strong correlations were found between the
analytically and numerically calculated rates of
gross mineralization and nitrate immobilization (r=
0.995 and r= 0.978 for m and in, respectively; p<
0.0005; n= 27), but not between those of gross
nitrification and ammonium immobilization. Only
middling correlations were found between the net
and gross rates of mineralization and nitrification.
Moreover, while treatment explained most of the
variance of gross N transformations it has little
influence on net rates (Table 2).
Table 2. Results of the two-way ANOVA for the time weighted mean rates of gross (FLUAZ modelled and
estimated using the equations of Kirkham and Bartolomew) and net N mineralization and nitrification
calculated for the whole incubation (interval: 0.5 h-7d) with treatment (T) and sampling date (D) as
factors.
Variable
Treatment Sampling date Interaction (TxD)
partial 02 p partial 02 p partial 02 p
FLUAZ model
Gross N mineralization 0.934 *** 0.633 *** 0.743 ***
Gross NH4+-N immobilization 0.925 *** 0.785 *** 0.765 ***
Gross nitrification 0.440 * 0.019 n.s. 0.045 n.s.
Gross NO3--N immobilization 0.828 *** 0.596 *** 0.779 ***
Kirkham and Bartolomew
Gross N mineralization 0.926 *** 0.670 *** 0.658 ***
Gross NH4+-N immobilization 0.157 n.s. 0.050 n.s. 0.329 n.s.
Gross nitrification 0.294 * 0.241 n.s. 0.363 n.s.
Gross NO3--N immobilization 0.713 *** 0.357 * 0.414 *
Net N mineralization (dif Fluaz) 0.509 * 0.798 *** 0.540 *
Net nitrification (dif Fluaz) 0.280 n.s. 0.311 * 0.534 **
Note: p<0.05; ** p< 0.01; *** p< 0.001; n.s. not significant.
Table 3 shows the correlations of the gross N
transformations with the main soil properties.
Irrespectively of the incubation period considered,
m rates have strong positive correlations with soil
pH (either in H2O or KCl) and the initial contents of
NH4+-N and NO3--N. Except for the first interval, m
rates were also positively correlated with the
extractable Mn and negatively with the soil water
holding capacity, total C, total N and the levels of
extractable Cu and Zn. As ia and m rates were
strongly correlated (r > 0.961; p< 0.001), similar
relationships of ia with soil properties were found.
Compared with those for m and ia, all correlations of
kn with main soil properties have the opposite sign,
in most cases the significance level was lower and
more significant correlations were found for the first
incubation interval. The results for in were similar to
those for kn, except for the 3-7 d incubation interval,
for which only weak correlations were found with
extractable Al and Cu.
Around 45 %, 60 %, 76 % and 81 % of gross m in
the incubation intervals 1, 2, 3 and 4, respectively,
was explained by the initial content of NH4+-N alone
which, moreover, was always included in the best
multiple regression models for the gross m that also
included: a) the available K or the available K and P
(77 and 80 % of variance explained, respectively) for
the first incubation interval; b) the electrical
conductivity and the available Cu (explaining 84 %
of the variance) for the second interval; and c) the
available Cu for the third interval and the whole
incubation (86-87 % of variance explained). The best
multiple regression models for the gross ia included
always the initial content of NH4+-N or NO3--N: a)
NH4+-N and available Co, NH4+-N and available K,
or NO3--N and available Ca for the first incubation
interval (65 %, 69 % and 80 % of variance explained,
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respectively); b) NH4+-N and available K (73 % of
variance explained), or NH4+-N and available Cu
and P (85 % of variance explained) for the second
incubation interval; and c) NH4+-N and available Mn
(77 % of variance explained) or NO3--N and
available Mn and Cu (88 % of variance explained)
for the third incubation. For the whole incubation
period the initial content of NH4+-N alone explained
83 % of variance and the inclusion of additional
variables as predictors did not improve significantly
the model. For the gross kn no valid multiple
regression models were found when the burned
soils were included in the dataset. For the unburned
soils, jointly all incubation intervals together, two
valid multiple regression models were obtained
with the available Ca and K (48 % of variance
explained) and with the available K and Zn and the
electrical conductivity (65 % of variance explained).
Finally, considering all samples and incubation
intervals together, two-thirds of gross in variance
was explained by a model including as predicting
variables the initial NO3--N and the available Cu and
P.
Discussion
As previously indicated by Gómez-Rey and
González-Prieto (2014) for the same plots, the
NH4+-N remained significantly higher in the burned
than in the unburned soils during the first year after
the wildfire. This effect, stronger and longer lasting
than that usually reported (Couto-Vázquez and
González-Prieto 2006; Gómez-Rey et al. 2013;
Martí-Rovira et al. 2013; Prieto-Fernández et al.
1993; Smithwick et al. 2009; Weston and Attiwill
1990), can probably be attributed to the fire severity
and the climatic conditions of the studied area
(Gómez-Rey and González-Prieto 2014). While the
evolution of the NH4+-N concentration during the
incubation showed a very reduced net
ammonification in most cases, the changes in the 15N
labelling of the NH4+-N and the organic-N pools
(sustained decrease and increase, respectively)
proved that both the gross mineralization and
ammonium immobilization rates are intense. 
Our results showed that the increased gross m in
the burned plots compared with the unburned ones
found in the same plots one week after the wildfire
(Gómez-Rey and González-Prieto, 2013) lasted at
least for one year. However, the differences
diminished with the time from the fire because gross
m: a) varied seasonally in US, peaking in spring at t=
8 months, likely due to an increased rhizodeposition
of labile substrates during the main growing period
of the vegetation; and b) decreased by a factor of
two (BSM) or three (BS) in burned soils at t= 4
months,  with subsequent small oscillations,
probably because most losses of SOM in burned
soils take place during the first months after the fire,
coinciding with the rainy autumn-winter period. Six
months after a wildfire, Aranibar et al. (2003) and
Dannenmann et al. (2011) reported values 2-3 times
higher in burned than in unburned soils, a
difference intermediate between that we found 4
and 8 months after the fire, reflecting the
progressive reduction of the fire-induced changes in
this gross m. One year after the fire, the three-fold
difference we found in gross m between burned and
unburned soils was higher than the two-fold
departure reported by Kaye and Hart (1998); this
result was likely due to differences in fire type and
severity between our plots (wildfire) and those of
the latter authors (prescribed fire). 
Considering the slight differences among
treatments in NO3--N content during the incubation,
the faster decrease observed in the atom % 15N
excess of the NO3--N pools in unburned soils than in
the burned ones indicated a more active nitrification
process in the former. Our results showed that the
almost complete suppression of gross kn observed
just after the wildfire (Gómez-Rey and
González-Prieto 2013) persisted at least for one year.
Contrasting results about the effects of fire on
ammonia oxidising microorganisms and nitrification
have been published. At the short-term, fires have
neither effects on nitrifiers (Acea and Carballas
1996) nor on ammonia oxidising archaea (Goberna
et al. 2012), despite burning altered the community
structure of all archaea, bacteria and fungi, as well
as microbial biomass and activity (Barreiro et al.
2010; Díaz-Raviña et al. 1996; Goberna et al. 2012).
At the long-term, nitrifiers abundance was increased
by the fires (Acea and Carballas 1996; Ball et al.
2010). This result contrasts with the lack of
significant effects on gross kn usually reported from
6 months ahead following the fire (Aranibar et al.
2003; Kaye and Hart 1998; Koyama et al. 2010, 2012;
Leduc and Rothstein 2007), although increased (Ball
et al. 2010; Dannenmann et al. 2011) and decreased
gross kn (Bastias et al. 2006) have also been found.
The strong long-lasting effect we retrieved can be
related with: a) the soil sampling depth (0-2 cm in
our study vs 0-5 or 0-10 cm in the others) because
the fire effects decreased sharply with soil depth
(Wang et al. 2012); and b) differences in fire severity
on soils among studies, as the post-fire levels of
inorganic N were deeply influenced by fire severity.
The studied wildfire had a strong immediate
impact on gross ia, which increased 18-fold
compared with the unburned soils (Gómez-Rey and
González-Prieto 2013), but this effect decreased
rapidly over time and the difference BS vs US fell to
5-fold at 4 months and then to around 2-fold at 8-12
months after the fire. However, the latter result
contrast with the lack of differences found by Kaye
and Hart (1998) one year after a prescribed fire and
showed that the studied wildfire had a more
persistent effect on this gross N flux, for which a
decrease (Koyama et al. 2010; Koyama et al. 2012)
and not significant changes (Leduc and Rothstein
2007) have been reported at the medium-term (2-6
years). 
In the burned soils, the gross in, which was
reduced one order of magnitude by the fire
(Gómez-Rey and González-Prieto 2013), remained
low with slight oscillations during the first year after
the wildfire. By the contrary, the gross in had
marked seasonal variations in the unburned soil,
reaching the lowest values (similar to those in the
burned soils) in spring and the highest in late
summer. As a consequence, the differences between
unburned and burned soils at the end of the first
post-fire year were similar to that just after the fire
(10 to 11-fold), showing a long-lasting negative
effect of fire on gross in, agreeing with the few
published results on this N transformation one or
two years after the fire (Kaye and Hart 1998;
Koyama et al. 2010, 2012).
As previously reported by Verchot et al. (2001)
for forest soils, the microbial production rates of
NH4+-N and NO3--N were of similar magnitude as
the corresponding consumption rates with which
they were strongly correlated.
The relationships between soil pH and gross N
transformations have been scarcely studied
(Cookson et al. 2007; Lang et al. 2010) and N
reactions, as microbially mediated processes, are
expected to be influenced by pH (Cheng et al. 2013).
We found positive strong correlations between soil
pH and gross m and gross ia, as Cheng et al. (2013)
reported; however, contrary to these authors, we
observed moderate negative correlations of soil pH
with gross kn and gross in. This latter result is likely
related to the effects of fire on soil properties other
than pH that would counterbalance, or even reverse,
the otherwise expected positive effects of pH on
gross N fluxes in forest soils (Cheng et al. 2013).
These complex relationships among the fire-affected
soil properties that influence soil gross N
transformations may explain why soil pH was never
included in the best multiple linear models for gross
N transformations, despite always having one of the
strongest single relationships with them.
Wildfires modify quantitatively and
qualitatively the soil C and N pools (Castro et al.
2006; Certini et al. 2011; Fernández et al. 1997, 1999)
that are the energy source for heterotrophs and the
substrate for N transformations, respectively.
Although weak relations have also been reported
(Gómez-Rey et al. 2012), the soil C and N pools are
considered to be important controlling factors of
gross N transformations (Booth et al. 2005; Lang et
al. 2010; Magill and Aber 2000), with which they
showed moderate to strong correlations in our plots.
Nevertheless, as encountered for soil pH and likely
by the same reasons, neither C nor N content were
included in the best multiple regression models for
the gross N rates.
The inclusion of the initial soil NH4+-N content
in most of the best multiple regression models for
both gross m and gross ia was expected because the
NH4+-N is the end product and the substrate,
respectively, for these processes. As a measure of net
nitrification, the inclusion of the initial soil NO3--N
content in four valid models for gross ia was also
foreseeable because nitrification and ammonium
immobilization compete for the substrate. Besides
the initial content of soil NH4+-N or NO3--N, all but
one valid multiple regressions for gross m and gross
ia included one or two nutrients as predicting
variables. Although it has been scarcely studied, the
importance of macro- and micro-nutrients
availability on gross N rates was previously
highlighted by Gómez-Rey et al. (2012). In the
present study, the available Cu, K and P were the
most useful nutrients for gross m and (together with
available Mn) gross ia prediction. As N, K and P are
major constituents of all living organisms, the
influence of their availability on gross N
transformations is a logical consequence. The direct
or indirect relationships of available Cu and Mn
with the gross N fluxes was previously reported by
Gómez-Rey et al. (2012) who attributed the result to
the key role of these micro-nutrients in many
enzymes activities involved into the N cycle
(Williams and Fraústo da Silva 2000).
The multiple regression models obtained for
gross kn and gross in supported the importance of
NO3--N, K, P and Cu availability on gross N fluxes,
likely due to the previously discussed reasons; the
models also suggest the importance of the available
Zn, a trace element essential for several enzymatic
activities related with N transformations (Williams
and Fraústo da Silva 2000).
With regard to the emergency stabilization
treatment, we found a short-lived stimulation of
gross m and gross ia by the mulching that: a)
disagreed with the lack of mulching effects on soil
microbial biomass and activity in the same plots
observed four months after the fire (Díaz-Raviña et
al. 2012); and b) contrasted with the much
longer-lasting effects reported by Huang et al.
(2008), likely due to the big differences between both
studies in soil conditions (burned vs unburned),
climate (temperate-humid vs subtropical-dry),
mulch material (straw vs chopped bushes) and
mulch dose (0.25 kg m-2 vs 1.57 kg m-2). Cheng et al.
(2012) also reported longer-lasting effect of
mulching on gross ia, but their study dealed with
wheat straw incorporated (not surface applied) in
cultivated soils. The lack of effects of mulching that
we found for gross kn in burned soils was consistent
with the results of Huang et al. (2008) in unburned
soils. Although we found a sustained reduction of
gross in due to mulching, the not significant
difference four months after the fire was consistent
with the absence of effects on soil microbial biomass
and activity reported by Díaz-Raviña et al. (2012) for
the same plots and sampling date. The contrasting
effects of the straw mulch on gross in (decrease vs
increase) between the present study and that of
Huang et al. (2008) were likely due to the differences
in soil management (burned forest soil vs cultivated
soil) and also in mulch application (surface applied
vs incorporated), because a much higher effect of
straw mulch on microbial activity would be
expected after soil and straw mixing.
As a comprehensive study taking into account
four gross N transformations numerically solved
and their relationships with 19 soil properties
during the first year after a wildfire, the present
paper complements a previous one (Gómez-Rey and
González-Prieto, 2013) just one week after the fire.
Therefore, the present study helps to improve the
knowledge about the effect of fires on soil N cycling,
a need recently highlighted by Wang et al. (2014), as
well as their persistence at the medium-term.
Finally, it must be highlighted that, to our
knowledge, the effects of the postfire mulching
treatment on net or gross N dynamics have not been
studied previously, despite the fact that mulching is
one of the most useful and promising Burned Area
Emergency Response techniques.
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